MH-i is a motorized and sensitized servomanipulator operated by the TX-O computer at the Massachusetts Institute of Technology. It serves as an experimental vehicle to explore the feasibility of direct relations between a digital computer and the physical world with which this computer is concerned. Usually, a human interpreter stands between the computer and the physical world. Instead, the TX-O computer in the MH-1 system is programmed to perform by itself some of the functions normally assigned to the human intermediary; namely, to perceive the world, to appreciate it, and to determine a reasonable course of action after a goal has been specified for the hand. The data processing tools used are, rather than numerical operations on quantitative signals, pattern recognition and simulation of higher cognitive processes such as awareness and understanding. This paper describes some of the experiments performed with MH-1 and the mechanisms upon which the capabilities of MH-1 are based.
INTRODUCTION
The idea of building a mechanical hand to be operated by a digital computer was originally presented by Shannon and Minsky during a seminar at the Massachusetts Institute of Technology in the fall of 1958. This paper is a report on the work on that project carried out during 1960 and 1961, and on the results of it.
Our first goal was simply to build such a handcomputer system, but we soon realized that a great many problems were involved, more than we could pay attention to at one time. A closer study of some of them revealed several specific subgoals of particular interest, and other areas that could be neglected for a while. We chose to concentrate on the informationprocessing problem of the system. One aspect that we * This paper is based on a thesis submitted in partial fulfillment of the requirements of the degree of Doctor of Science in the Department of Electrical Engineering at the Massachusetts Institute of Technology on December 23, 1961. The work was supported in part by the U. S. Army Signal Corps, the Air Force Office of Scientific Research, and the Office of Naval Research.
decided to neglect as far as possible was the instrumentation problem, although many rewarding studies can be made in this area. What, for instance, is a really good mechanical substitute for a muscle? We bypassed this and similar questions by purchasing a mechanical servomanipulator which we then provided with sense organs and motors.
We shall now look at the information-processing problem arising in connection with the mechanical hand, first from the point of view of the designer of automata; then from the point of view of the control engineer; and finally from the point of view of the computer engineer. This analysis will enable us to understand why we thought that the information-processing problems would be of particular interest, and what specifically these problems are.
AUTOMATA AND MECHANICAL HANDS
The first mechanical arms that we know of were built by the ancient Egyptians, as parts of statues of Gods, and they were operated by priests who were assumed to be acting under divine inspiration. It is hard to say now what exactly all that meant to the Egyptians, but it does point out the existence of some kind of primordial interest in machines resembling human beings and imitating human actions. I can testify to the fact that this interest still exists, at least in most of the people who have met my mechanical hand.
Many centuries later, in the Hellenistic period, we find several schools of creators of hydraulically operated statues. These statues were originally (especially under Heron of Alexandria) built to illustrate the science of hydraulics. Their description was patterned after the language used in geometrical proofs^ involving axioms and theorems. It was not the original intention of the designer to imitate either the internal mechanisms nor the external appearance of human life. Revolving doors were as interesting as walking statues. The design of these automata was an intellectual exercise, the models served as teaching aids. Since most of these machines were stored in temples, eventually they did not fail to fascinate and entertain the worshipers, and during the decline of classical Greek culture, some might even have been built for that sole purpose.
The most intricate mechanical puppets were built in the eighteenth century in France, Switzerland, and Germany. Some of them had moving forearms permitting them to write and draw sketches, some even had moving fingers with which they played small musical instruments such as organs or flutes. The actuating mechanisms were hidden from the spectators and were of no interest to anybody except the designer. These mechanisms consisted of intricate arrangements of cams and levers, or even stacks of cams chosen by a selector, much like a computer disc-memory.
All of these automata were built with the intention of presenting a convincingly human performance. The designers succeeded marvelously in their objective. People traveled for days just to see these charming mechanical wonders. The presentation of one of these machines to a monarch or prince would practically guarantee a lucrative existence to the builder for the rest of his life.
Nobody, however, was interested in investigating the significance of these mechanisms; nobody was dissatisfied with the fact that these automata were completely insensitive to their environment. All of the control action went from the inside, from the hidden control gear, toward the outside, to the limbs or the fingers. There was no information flowing in the opposite direction from the outside world into the control mechanism. There was, to use the terminology of our time, no capacity of discernment, although Droz's puppet could write: "Je ne pense pas, ne serais-je done pas?", in imitation of Descartes' "Cogito, ergo sum."
NATURAL VERSUS TECHNICAL FEEDBACK MECHANISMS
The next step in the development of automata was the discovery of the possibility of using signals that monitor the performance during the control process. This gave rise to what is now called feedback control systems.
If we were to state the purpose of such a system as generally as possible, we could say that it is to achieve a desired output state despite the interference of unwanted disturbances. The purpose of a positioning device, for instance, is to reach a certain location despite varying friction,noise entering the control signal, variations in many components of the system, external forces tending to drive the system away from the desired position, and so forth.
Recent neurological studies have shown that similar mechanisms operate in human beings and animals, for instance, in the pupillary system. It is therefore possible to build useful mechanical arms and hands based upon such control principles. ' All that one has to do is to preprogram a sequence of desired states or goals which the control system will reach one after the other, and thus eventually build up a complicated motion. Examples of such machines are "Noman," or the tape-controlled servomanipulator built by BorgWarner. They are actually automatically controlled machine tools with claws instead of metal-cutting devices.
Instead of the mechanical cams found in the automata of the eighteenth century (or, for that matter, in early automatic machine tools) these new "mechanical hands" use an electrically prerecorded trajectory. However, neither the introduction of electrical signals nor the introduction of feedback, changes anything in the fundamentally preprogrammed nature of these devices, although the programming becomes much more flexible and can even be made to depend on external factors, as far as these can be foreseen. Feedback improves the performance in the framework of the program, but it does not improve the program itself.
Humans and animals do not seem to operate in such a preprogrammed, step-by-step mode. In addition to this difference in operation, the automatic devices that we have explained do not possess on a higher level the property required of a feedback control system; namely, to resist all kinds of disturbances. There is nothing in these preprogrammed devices that resists disturbances unforeseen during the selection of a specific step-by-step procedure. If such a machine, for instance, is to fill boxes with nuts, the interruption of the supply of boxes will probably completely upset the operation of the machine, or, at best, switch off if the programmer was sufficiently circumspect. But a squirrel filling a hole with nuts will not be confused in this situation, it will dig a new hole. A human being can get to work on a rather broad description of what he is to do, instead of requiring a detailed step-by-step program. He fills in the details by himself, as he goes along. He will be able to cope with minor or major deficiencies in this job description.
In other words, besides being to some extent machines containing classical feedback control mechanisms, animals and humans have other, more advanced information-processing capabilities they can bring to bear upon the problem of controlling their actions. They can perform decisions, remember earlier, similar situations, use trial and error procedures, and, in general, perform "intelligent" processes that greatly enlarge their capabilities of getting around more complicated difficulties that arise while they pursue a certain goal.
One purpose of this work is to learn how we can build some of these higher level control facilities into our hand-computer system. Is it possible to design a system that behaves sensibly with respect to the overall goal, even if it should turn out that the preprogrammed sequence of operations is inadequate or incomplete? Could the computer do some of the detailed sequencing by itself, as the activity is pursued, interpreting the original broad job description in accordance with the current state of its environment?
THE POINT OF VIEW OF THE COMPUTER ENGINEER
To the computer engineer, the same problem appears in quite a different light. Digital computers are almost exclusively operated in a human environment. An engineer or a scientist formulates a mathematical model of the physical world, the numerical analyst chooses the proper numerical procedures to solve the equations, the programmer is responsible for converting them into machine language, and, after the results appear, the user applies them and interprets them in relation to the real world.
Since MH-1 works in a real-world environment, the computer will have direct access to the real world. We want to build a system that works in the real world without the help of human intermediaries. Why? If the digital computer is used, not just as a processor of quantitative signals, as usual in conventional digital control systems, but to perform all the higher control tasks, beginning with the perception and the appreciation of the real world and concluding with the performance of a purposeful task in the real world, the computer theorist stands to gain some insight from this study himself. Computers have, as shown, relied exclusively on their human operators for most of the applications. If one couples a computer to something other than a human environment, for instance, to the real world directly, it is conceivable that, if difficulties arise in the execution of a program, the computer could gather the necessary additional information from the medium to which it is coupled rather than call for human assistance, and thus get around the difficulty by itself. about the "stupidity" of digital computers -that they don't realize it if what they do makes no sense at all, and commit the most nonsensical errors if there is any mistake in the program. It is our thesis that this is not caused by an essential shortcoming of digital computers, but by the lack of necessary information that has not been given to the computer. No computer has yet any access to abstract mathematics, and therefore it cannot possibly understand whether or not what it does makes any sense. However, the hand-computer system has access to the real world, it can therefore be programmed to sense by itself whether its actions make sense in the real world or not. It should therefore be possible to program the computer in a way which makes it suffer less from that "stupidity" in the case of a small programming error or of some unexpected situation.
After all of these explanations, let us now summarize the problem with which we are confronted. We showed that both the computer and the mechanical hand can profit quite a bit from being coupled together in an intelligent way. To achieve this, we have to:
1. Design a hand that is, first, an efficient motor organ in the real world, adapted to the nature of the commands coming from the computer, and, second, a sense organ for the kind of information which the computer needs for its control activities.
2. Design a programming system that takes care of the classical control requirements of the system, as well as of the simple discernment, processing, and decision tasks associated with the control problem of the level of complexity between, say, stating a task in a normal language, and setting the parameters in the control system in accordance with the situation in the real world and the requirements of the specified task.
As compared with the designers of the clockwork automata, we are more concerned with the internal structure of the automata and their significance in terms of the study of cognitive processes, and much less with their external appearance. The latter will only be a criterion of the successfulness of our procedures, not an aim in itself.
THE EXPERIMENTAL EQUIPMENT
There are no analytical tools that show us how to build that hand, but there are two other methods; armchair speculation and experimentation. We find that there is already enough of the first and hardly any of the second; and, besides, experimentation is a good deal safer for reaching conclusions.
Most spectators suspect that there is a large element of play in our experiments, but they fail to see nic jusLiiication o± ii.. usus.±±y, ix one conuucts an experiment, one has some definite idea in mind which he wants to test. Once the experimental apparatus exists, the main task of the experimenter is taking data. In our case, the most important function of the experiments is to get a feeling for such a system, for how it works, and what its possibilities and limitations are. Once the experimental apparatus exists, the main task of the experimenter is to play with it. From the experiences gained thereby, he will be able to form specific ideas which he then tries out by building a new system. By playing around with the new system, he will get new information about what is wrong with it and again try to improve it. This procedure not only tests any ideas, but its results provide a guide line for the next step, and both of these contributions, the testing of ideas and the catalytic action of generating new ones, are acutely needed in this work.
With these ideas in mind, we proceeded to build the necessary apparatus. The MH-1 system consists of the TX-O computer, a control unit and a servomanipulator. The TX-O was chosen because of the flexible in-out equipment and because of its availability (the total computer sign-up time was in excess of 500 hours). Since for several reasons interpretive programming techniques were used throughout the work (the speed of operation is determined by the external equipment and not by the speed of the computer), the relatively small memory capacity (8000 words, 18 bits each) of the TX-O never even came close to exhaustion.
The control unit selects the motors and sense organs according to the computer instructions, and generates the servomotor voltages. A block diagram of it is shown in Fig. 1 . The unit contains 150 transistors, 300 diodes, and 28 thyratrons, and occupies almost two-thirds of a relay rack.
The mechanical arm consists of a motorized American Machine and Foundry Servomanipulator, shown in Fig. 2 . Each of the seven servomotors drives one degree of freedom, and one potentiometer is coupled somewhere to each degree of freedom. Lowquality low-re solution potentiometers are used because it is felt that organisms do not have a very accurate sense of position. Whenever possible, we tried to imitate the properties of living systems when similar design decisions had to be made, since after all the animal system is an existence proof of the solvability of our problem.
More important than the sense organs for position, are the sense organs for touch which are spread all over the hand. The hand is shown in Fig. 3 and explained by Fig. 4 , as far as the nature of the sense elements goes. A binary sense of touch is satisfactory, since the applied forces are better determined in a quantitative way by determining the motor input instead of the pressures exerted on the sense elements. Notice that all the possible fredback loops go through the computer.
The job of building the equipment took the better part of the year 1960. The mechanical part and the motor action of the hand did not present any novel problems, and neither did the control unit. But considerable experimentation and modification was needed in the construction of the sense organs, as our philosophy of their operation and function changed gradually during the experimental phase, and major changes would have had to be made in the sensory apparatus if the work had been continued beyond that reported here.
DESCRIPTION OF SOME EXPERIMENTS
MH-1 has gone through several states of increasing program sophistication. We shall describe some of the experiments with the last programming system, and follow it up with the explanation of the underlying principles.
In order to be able to evaluate the progress made with the different programming systems, we chose one standard activity for MH-1: To play with wooden blocks and boxes. MH-1 builds small structures out of these blocks, or puts them away into the boxes. The following program, for instance, will locate a box on the working table and then grope for the blocks and put them into the box.
Program No. 1
Instructions Description 1. goto ml,mL locate box (mL) 2. scan ml,md determine size and location of ml 3. goto m2,mL grope for blocks (m2) 4. scanm2,md determine size and position of m2 5. take m2, hid take the block and hold it 6. goto ml, mL go to ml with m2 7. put ml, mL+ xb+ yh+ zd put m2 into ml 8. goto m2, 0 go to the former position of m2 and grope for new block 9. transfer to 4 hi more detail, the following events occur during the 9 phases:
1. MH-1 starts a searching motion for an object (the box) which it will call ml after it has found it. If ml should have been scanned earlier, it would go there directly.
2. MH-1 determines the absolute position of ml so it can find it again later, it determines its position with respect to the hand and its size with respect to the maximal finger opening, so it could grasp it if this were demanded.
3. MH-1 goes back into a search routine, groping for m2 (the blocks). If it should run into m.2 on its way back to the initial search position, it would skip the search phase and proceed directly with 4). Generally, if an obvious short-cut exists, MH-1 will take it. On the other hand, if something has not been done properly, MH-1 will repeat it. For instance, during the search procedure MH-1 makes sure periodically that it does not search too far above the table, since the blocks are only two inches high t Should it ever bump into the table during the search action, it will interrupt the progress, repeat the check for proper heights, and then proceed.
4. MH-1 determines the position and the size of m2. Scan routines can be avoided if the corresponding information is given to the computer by the programmer in a "setmodel" instruction.
5. MH-1 grasps the block and holds it. The method used will depend on size and location of the block, facts which have been determined in 4.
6. During that period, MH-1 will move into the vicinity of the box ml, and feel around for it until it bumps into it.
7. It will deposit the block into the box.
8. It will start to look for a new block, beginning about where it found the previous block which is now in the box.
What will happen if more severe trouble arises than the kind which can be eliminated by simple shortcuts and repetitions? Notice that Program No. 1 contains no explicit information whatsoever about what to do if difficulties arise. Should MH-1, for instance, run into the box while looking for blocks, it will grasp it and will get fouled up trying to put the box into itself. It does not realize that the box it takes is the same object as the box it is supposed to deposit its findings in. The reason is that m2 can be any object, not only blocks. If we want to limit m2 to blocks, we have to say that at the beginning, and the corresponding program will then look like this:
Program No. 2 setmodel m2, hor this tells that m2 is a small object goto ml, mL scan ml, md goto m2,mL take m2,hld no scanning of m2 required now, since its size has been established by the setmodel instruction goto mi, mL put ml, mL+ xb+ yh+ zd goto m2,mL transfer to (take m2,hld) location after it has found it, somewhere on the side of the table so as not to be in the way during the search for the blocks. If one now takes the box away and puts it back into the path of the block-search, the hand will put the box back where it belongs and then continue. It is evident that in some cases the hand really does the reasonable thing if unexpected disturbances of a considerable logical complexity arise, without having to be told so explicitly by the programmer. How successful it is depends, as we have seen, somewhat on the form of the program.
Once in a while, MH-1 will, however, do something that does not make any sense at all, and, if it does not check that itself, it may have to be interrupted manually. This happens about once in five successful operations, such as putting a block into a box. The reason for this is that the computer has made a wrong decision when it was confronted with an unexpected situation. Typically, it might then shove away the box, kick over a block, or search at a wrong place. However, the general performance is quite satisfactory, and there is usually quite some suspence built up among the spectators which releases itself in applause when the first block is dropped into the box.
Another program builds a tower out of the blocks by piling them on top of each other. This is quite interesting to watch because the growing tower sooner or later collapses. All of these programs are quite simple to write, as Program No. 1 shows. A small input routine permits it to write them directly into the machine with the on-line flexowriter.
PRINCIPLES OF THE PROGRAMMING SYSTEM
We have seen that MH-1 has made considerable headway towards coping with difficulties by itself without burdening the programmer. How is this achieved?
Several levels of interpretive programs are used. The computer contains a description of the objects in the real world (model), indicating their absolute and relative position and their size. These descriptions are generated by the programmer by !! setmodel" instructions, or automatically by the "scan" program and always when the hand gropes for an object. The interpreter for the highest program level (such as described in Program No. 1) has to find a routine in memory which corresponds to:
1. the type of action (go to, find, etc.) demanded 2. the type of object concerned, as determined by the model of this object With only this program modification, MH-1 would not grasp the box if it runs into it a second time, even if the box had been removed from its original place and deliberately put into the path of the block-search program. MH-1 would instead remember the new position of the box and start the search for blocks all over again. In still another, slightly different program, the hand deposits the box at some standard 3. the goal specified in the program (hld=hold, mL+ xb+ yh+ zd=on top of) A typical routine would be one which grasps small objects to the right of the hand. Each routine is described in a list that the interpretive program scans in its search for appropriate routines. These routines, in turn, are sequences of statements indicating desired states of sense organs. One statement may concern many sense elements. A typical statement might be that the outside of the left finger should touch something. The interpreter of these routines determines symbolically which motors will have to be energized and how much in order to bring about the desired state of these sense elements. This motor assignment may depend on the position of the hand. The symbolic motor commands thus generated are then interpreted on the lowest level by routines involved in the position and speed-control loops, by stop routines, timing routines, and several error-checking and interlocking routines.
The interpreter of the desired sensory state level in addition to generating control commands for the motors, creates a list of sense organs that are expected to change during that phase. Periodically, all remaining sense organs are checked for changes and if such an unexpected change should occur, the normal program execution is interrupted. A special routine then begins to determine what should be done about that unexpected occurrence. There are three alternatives that this routine can take.
First, it finds out whether these unexpected changes are intended changes in the near future (by looking ahead in the program) or if they did occur in the near past (by looking back in the program). If either one of these conditions is fulfilled, control will be transferred to that program location and the program will continue from there on. This is the basis for the mentioned behavior of MH-1 with respect to obvious shortcuts and repetitions of unsatisfactorily performed actions. But one can easily see that there is a chance that the interrupting unexpected change occurs as an intended change in a completely different connection, and then it is unlikely that the corrective action taken, namely, transferring control to that program location, will be successful. The occurrence of this can be minimized by not letting the interrupt program search in too distant parts of the routines, and certainly not in different routines. Sometimes, however, the corrective action taken will be wrong, and in most cases there will then be another interruption. But that is usually too late because by that time MH-1 has lost track of the original goal, since there is no return to the original program once the interrupt program has found a spot that seems to be appropriate to the type of interruption. This is what has happened when MH-1 starts to do something that appears illogical from the outside.
THEORETICAL PROBLEMS IN ARTIFICIAL INTELLIGENCE
The second alternative is adopted if no such intentional occurrence of an unexpected sense change can be found. If the program is in a "take" phase, this phase will be interrupted, and the scan program will be started. When the nature of the disturbing object is discovered, another special program will look up the highest level program and find out whether a similar object is ever mentioned there. If so, control will be transferred to that location of the program. This is the explanation of the phenomenon that in the block and box program the box can often be encountered a second time without any disastrous consequences if MH-1 realizes that it is running into the box again and that it is not supposed to. It will simply switch back to that part of the program in which it dealt with that box.
Third, if no appropriate instruction can be found in the highest program level, and whenever an interrupt search is unsuccessful in a phase other than "take", the hand will withdraw until the disturbance disappears, and then continue what it tried to do before, repeating this several times if necessary.
It would be nice if it were possible to have a program generate a corrective program itself in the case of interruptions, but the present sense organs make this impossible except for simple motions like withdrawing. The present sense organs are satisfactory if used together with a program written by somebody who knows what the hand is supposed to do, but they are not sufficient to determine a reasonable sequence of subgoals, expressed in terms of sense elements, with respect to some over-all goal. To give an example of this, it is possible to program MH-1 in such a way that it will detect the edge of an object, by performing a few test motions with the fingers. But the sense output makes sense only in connection with the knowledge of the idea behind those test motions. If the hand were to move by itself and you had only access to the sense output, and not Lo the intention of the programmer, you would not be able to detect the fact that the hand has just run over the edge of an object. This is why the automatic generation of routines is not possible with the present sense organs.
So much for the design of the programs which achieve the present degree of independence of disturbances and which permit the present, conveniently vague way of specifying a program. In the following discussion we shall take a second look at all this, but from a somewhat more fundamental point of view, using less of the terminology of computer programming.
AWARENESS AND UNDERSTANDING
We have to distinguish between the computer and the real world. The computer-internal world consists of the models (descriptions) of some of the real-world objects, the higher level programs, and the registers containing the present sense input. The models are an abstract image of the real world, the programs represent the intentions of action of the hand in the real world, and the registers containing the sense input are that part of the sensory apparatus to which the computer has access. It is important to understand how these things are interrelated.
The internal world is the onh r thin 0-u^on which the computer can operate directly. Mere existence of objects, relations, and conditions in the real world is not sufficient. Unless these can be projected into the computer-internal world, they are neglected by the computer. Therefore, if we want to couple a system with mechanical intelligence to the real world, we have to make sure that the computer contains an internal representation of the external world which is sufficiently complete. The task of the sense organs is to transfer information between these two worlds. To give an example of this, the internal world of MH-1 contains a complete representation of everything touching the fingers, and it can, therefore, be programmedto interrupt its activity and decide on a better course of action if something touches the fingers unexpectedly. However, MH-1 has nothing in its internal world which indicates progress. MH-1 will, therefore, not complain if a poorly written program takes half a dozen attempts to achieve its purpose, grabbing a block for instance.
A good internal world and good sense organs will permit the mechanical imitation of what in psychology is called "awareness". The design of a sufficiently complete internal world is probably the most difficult problem in this computer-real world symbiosis. A computer cannot be aware of phenomena that are not reflected in its internal world, and cannot bring its "intelligence" to bear upon them.
Awareness, however, is not all that is required for the coupling of an intelligent machine with the real world. The machine must be able to correlate the processes in the real world with the operations performed in the internal world and vice versa. We shall call this ability "understanding the two worlds". Let ua now see what form this understanding takes in MH-i. Let us assume that the sense organs have detected an unexpected change, and that the machine is now aware of it. Understanding is required if the machine is to find a way out of this situation by means of processes in its internal world because it must be able to relate the processes performed in the internal world and those in the outside world. MH-1, for instance, assumes that hand actions are responsible for any unexpected change. It, therefore, looks up the representation of its actions in the internal world, namely, its program. It determines which part of that program might bring about such a change in the environment as the one which caused the interruption. Without performing the action, MH-1 is able to understand what its program means with respect to the outside world, and, therefore, to the sense input. To find an appropriate passage in its programs, and to transfer control to that part of the program, will often solve the difficulty.
Comparing the action plan (program) with the real world is only one form of understanding, comparing the models witu ms rea± worxu is anotner, anu tuis form is used in the second of the described types of interrupt action. However, it follows from the structure of both of these processes of understanding that MH-1 would be at a loss if it was confronted with a living world, where things change of their own accord, not only because of actions of MH-1. A different form of understanding would be required to cope with the problems of such a world, a form that takes into account the dynamics of the real world.
MH-1 is not very advanced in the development of its power of understanding, but I do think that it is at least a step in the right direction.
THE SENSORY APPARATUS
We have not said much about the sense organs, although it became evident during the experimental phase that we had much to learn about them. We became aware of their importance concerning the programming language. In an earlier system, the routines were written in terms of the motors to be used at each element of time. Since the coordination of the sense of touch with the motor organs depends on the position of the hand, it is quite easy to see that it would be rather difficult to scan such a program for an interrupt condition.
In classical control systems, the sense elements translate the stimuli originating in the real world into the system-internal signal form, an electrical current, a mechanical displacement, and so forth. In MH-1, the programming language corresponds to the signal form in a classical system. On the mechanical hand, the task of the sense organs is therefore to match the external stimuli to the programming language. This difference in tasks results in sense organs that are different from those usually found in control systems. There, sense organs, or transducers, generate one specific signal with one specific purpose, for instance, they detect the temperature at one place. For the hand, we need distributed sense organs, something like our skin. The output of each microelement is only a small part of the pattern composed of the output of all of the microelements. This pattern forms a word in one of the interpretive languages, and it is this whole word which is of importance, which conveys information about the real world and upon which as a whole the computer works. Each single sense element has a much less specific task of its own; what it really does is determined by the process the computer applies to the received words, and not by the sense element.
The construction of this type of sense organs, or rather ensemble of sense elements, is a novel problem of which we became aware late in the project, and for which we do not have any solutions yet. The sense elements in Fig. 4 are only an unsatisfactory substitute, This new approach to the construction of the sensory apparatus would have been the next step if the project had been continued beyond the work reported here.
APPLICATIONS
This work is of interest with respect to two possible applications: The construction of mechanical hands as useful tools, and the exploitation of the philosophy behind the control problem.
Mechanical Hands for Industrial Applications
There has been a considerable interest in generalpurpose programmable tools of the form of a human arm and hand. ' The difficulty seems mainly one of cost, since the demand falls off rapidly if the price rises above $15,000. This is an order of magnitude less than the cost of a computer alone which would be required for a system similar to MH-1. This difficulty could be partly relieved by having one computer control several mechanical hands at a time, and by having functions, which are now performed in a routine fashion by the TX-O, delegated to less expensive analog equipment that would go with each hand. The computer would then enter the picture only when something has to be decided which is beyond the power of the equipment that goes with each hand; instead of really controlling all of the hands all of the time, the computer would only supervise them.
In general, it seems that the more universal a tool becomes -and a mechanical hand is meant to be universal -the less qualified is the work the tool is supposed to do, at least in production applications. This is probably the reason behind the mentioned price squeeze, and besides it raises serious doubts about the desirability of such machines in the present labor market, which consists of a surplus of unqualified labor and a shortage of qualified forces.
Mechanical Hands in Hostile Environments
We are talking about the very problem that gave rise to the appearance of servo manipulators: Manipulation in radioactive areas. Other adverse environments may be found in deep-sea exploration and space exploration. This situation is radically different from the described production situation because under these circumstances even very simple actions become highly qualified ones. However, there is still no economical or technical advantage to be gained from replacing the human operator of such a manipulator by a computer, except in one case. The manipulator may be so far removed from the human operator that communication with it becomes difficult, either because of delay or because of the power required to ensure a reasonably good transmission. This situation arises in space exploration. One way to solve this difficulty is to send some mechanical intelligence with the manipulator, in the form of a computer. One can easily see that the transmission of a program like the one in our example is much easier than the establishment of a complete, real-time telecontrol system, besides solving the nasty delay problem. Including the apparative delays (scanning rate of the TV system) it is estimated that the delay in a control loop extending to the moon would be approximately 3 seconds. Assume that the manipulator should pick up a rock on the moon. The operator will see that the hand is in the appropriate position only 1-1/2 seconds after this event occurred. Another 1-1/2 seconds will pass until the signal to stop reaches the manipulator. Unless the manipulator works very slowly, it will have moved beyond the rock by that time. But, if there were sufficient intelligence incorporated into the system on the moon, we would simply line up the manipulator and then tell it to go forward until it touches the rock, similar to the actions that are taken by MH-1 when it searches for objects.
The cost of providing that mechanical intelligence is irrelevant in similar applications. It might even be that the accompanying simplification of some of the other communication equipment more than makes up for the cost of the computer.
APPLICATION (Jt THE PROGRAMMING PRINCIPLES I am mainly thinking now of the accessibility of some non-human environment to the computer in order to enable it to use the described forms of awareness and understanding. We have only begun to scratch the surface of this problem, and it will probably remain in the research stage for some time to come. This research will have to proceed in two directions:
1. Development and construction of the required sense organs. It would help greatly if we could build an eye for something like the MH-1 system.
2. Development of the necessary internal worlds, for instance, better models and better ways to generate them. This research will be interesting both from a human and from a technical point of view.
Although the exploitation of this research may be farther off than the construction of programmable mechanical hands, I think that ultimately it is far more interesting. It seems difficult to build a mechanical hand that will surpass our own human hand. We can easily surpass some of its properties, but that is easier accomplished with special-purpose equipment than with something as general as a hand. However, I am optimistic enough to think that a better fundamental understanding of our human information processing will open all kinds of doors for interesting technical applications. I, therefore, consider any contribution made by the study of MH-1 in this area to be more important. The servomanipulator. The part toward the reader is the active arm, the second arm serves only for balancing purposes and carries the servomotors. (1) switch closing if touched; detects position of objects between fingers; binary output.
(2) a total of six contacts (2 per plate) closing if touched; indicate contact with finger surface; binary output.
(3) 6 pressure elements in rubber pad; detect firmness and location of grip; continuous output (variable resistance).
(4) photodiode; reacts on shadows cast by black objects; continuous output.
2 pressure pads as in (3).
(6) pressure element on bottom of wrist; closes when hand rests on table; binary output.
Elements (2), (3), (4), and (5) appear on each finger.
